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Abstract: Results are presented in an initial apriori knowledge approach toward using complementary
multi-sensor multi-temporal imagery in characterizing vegetated landscapes over a site in the Boreal
Ecosystem-Atmosphere Study (BOREAS). Airborne Visible/InfraRed Imaging Spectrometer (AVIRIS) and
Airborne Synthetic Aperture Radar (AIRSAR) data were segmented using multiple endmember spectral
mixture analysis and binary decision tree approaches. Individual date/sensor land cover maps had overall
accuracies between 55.0% - 69.8%. The best eight land cover layers from all dates and sensors correctly
characterized 79.3% of the cover types. An overlay approach was used to create a final land cover map. An
overall accuracy of 71.3% was achieved in this multi-sensor approach, a 1.5% improvement over our most
accurate single scene technique, but 8% less than the original input. Black spruce was evaluated to be
particularly undermapped in the final map possibly because it was also contained within jack pine and
muskeg land coverages.
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Introduction

The northern boreal forest is important due to its sensitivity to changes in the physical climate
system. Concern exists among some researchers that the boreal forest's current status as a carbon sink may
be reversed due to changes in climate, vegetation succession patterns, fire frequency and the warming and
drying of soils (Tans, et al., 1990). Timely and accurate land cover inventories are necessary for multi-scale
modeling of climate change, carbon balance, energy flux, biodiversity, and wildfire. Promising results have
been presented in the ability of various spectral imaging sensors and synthetic aperture radar (SAR) to
produce land cover information over the boreal forest (Moghaddam and Saatchi, 1995; Ranson, et al., 1995,
1997; Hall, et al., 1997; Saatchi and Rignot, 1997).

Our premise is that we will achieve a higher overall accuracy in producing a land cover map using
multiple sensor imagery over a season than from a single date, single sensor image. We present an non-
automated, apriori knowledge approach based up data overlay to categorize a boreal forest site in
Saskatchewan, Canada using multi-temporal, multi-sensor imagery. We attempt to characterize to a
landscape level and compare it to a map produced by the Saskatchewan Environmental and Resource
Management, Forest Branch Inventory Unit (SERM-FBIU) using traditional photogrammetric methods.
Airborne Synthetic Aperture Radar (AIRSAR) and Airborne Visible-InfraRed Imaging Spectrometer
(AVIRIS) data were acquired over the BOReal Ecosystem-Atmosphere Study (BOREAS) Old Jack Pine
(OJP) site in April, July, and September 1994. Land cover inputs for the overlay process were derived from
AIRSAR-based binary decision trees (BDT) and AVIRIS-based multiple endmember spectral mixture
analysis (MESMA) (Roberts, et al., 1998). The final land cover map was then evaluated against the SERM-
FBIU data. A combination of a multi-sensor land cover map at 80% overall accuracy and a 10%
improvement (80/10) from the best single source land cover map would be considered successful.

Study Area
The OJP site is located approximately 100 km northeast of Prince Albert, Saskatchewan. A 7 km x

5 km area containing the OJP site was selected within Nipawin Provincial Park, centered approximately at
521000mE, 5973000mN (North American Datum 1927, Universal Transverse Mercator Grid Zone 13). The
topography of the site is flat with depressions occurring along drainage features.

A classification scheme was developed based on dominant landscape types in the existing SERM-
FBIU validation data. The vegetative landscape is predominantly black spruce (Picea mariana) and jack
pine (Pinus banksiana). Jack pine are common on well-drained, upland sandy brunisolic soils (Halliwell
and Apps, 1997a). Stands of black and white spruce (Picea glauca) tend toward poorly drained sites.
Deciduous trembling poplar or quaking aspen (Populus tremuloides) and tamarack (Larix laricina) are also
found within the study area. Local grassy wetlands or fens are areas of inundation containing sedge
vegetation (Carex spp.). Muskeg is a landscape marked by sparse stands of wet conifers such as jack pine
and tamarack in areas of standing water.

Data Sources

The SAR data were collected by the JPL AIRSAR, a polarimetric, three-channel (C-, L-, and P-
band) SAR operating onboard a reconfigured DC-8 aircraft. We evaluated data from three different dates
over the 1994 growing season: leaf-offacquisition on April 28 (CM5575), maximum leaf-out scene on July



21(CM5501),andpre-leafdropdataonSeptember20(CM5381).AllAIRSARdataacquisitionwere
acquiredwhileflyingona341_ heading(withrespecttotruenorth)ataltitudesbetween7473-7698m
abovegroundlevel(AGL).Theareaofinterestwascontainedwithinincidenceanglesbetween
approximately25_innearrangeandlessthan50_infarrangeinallcases.Crosstrack(range)andalong
track(azimuth)pixelresolutionswereapproximately6.66mand9.26mrespectively.

Theopticalcomponentofthestudy,AVIRIS,isa224channel,10nmspectralresolutionimaging
spectrometerflowninaNASAER-2.A spatialresolutionofapproximately20mx20misachievedwhen
theplatformisoperatingat20kmaltitude.The1994AVIRISconfigurationacquireddataoveraspectral
rangebetween373-2503nm.AVIRISdatawerecollectedonApril19(940419,run7,scene4),July21
(940721,run7,scene4),andSeptember16(940916,run8,scene4).Datawereacquiredatlocalnoon+/-
onehour.

SAR Processing
The AIRSAR data were decompressed, retaining dB pixel attributes, and displayed in SAR slant

range using ENVI 3.2 (ENVI, 1999). A 684 x 549 pixel sub set was selected to reduce storage
requirements. Three polarizations (hh, vv, and hv) and total power (tp) were formed for each of the three
channels. Four biomass-sensitive ratio images (c-hv/p-hv, c-hh/p-hh, 1-hh/1-hv, p-hh/p-hv) were also
produced to assist in differentiating between vegetated land cover types. Masks of land cover types are
required to generate decision rules for the BDT. Each AIRSAR image was interpreted using traditional
techniques of spatial relationships, texture, tone, pattern, and size keys and compared against its AVIRIS
counterpart to determine candidate backscatter pixels for use in the BDT. Single, 2x2, and 3x3 pixel
windows were collected and aggregated to create the necessary digital land cover masks. A minimum of 50
total pixels per land cover type per image were selected. Every attempt was made to co-locate training data
across the three dates.

Water features and open/bare areas were identified by regions of low backscatter. The temporal
nature of the data provided information regarding location of possible fens. Fens tended to be specular or
very low backscattering characteristics in all wavelengths and polarizations prior to sedge growth in the
April data. An indication of sedge growth was produced as shortwave, C-band backscatter increased in July
and September. Jack pine stands required four separate training types based on different levels of volume
scattering and open areas present. Low backscatter in very young jack pine stands reflected both the thin
trunk and low foliage characteristics identified in those sites. Greater volume scattering was identified in
regenerated, slightly older jack pine sites. Two types of mature jack pines were separated: thick and thin
stands. Ample crowns produced greater volume scattering in both stand types. Thicker jack pine stands
were distinguished from thin stands by a slight (~4 dB average between classes) increase in L-band Total
Power (1-tp). Backscatter increased in areas of greater tree spacing due to bare surface-trunk double bounce
mechanisms.

SAR speckle was reduced using a traditional 5x5 median filter on each of the three images prior to
determining the BDT rules. Land cover masks were then run through a binary decision tree using S-PLUS
against the filtered 16 bands of AIRSAR data (Chambers and Hastie, 1992). The decision tree output used a
measure of heterogeneity termed deviance to calculate decision rules. The tree also identified influences
that particular channels and polarizations had on specific land cover types (Safavian and Landgrebe, 1991).
Each tree was evaluated to determine candidate branches for retention and removal. Branches with a small

number of points, minimal increases in accuracy, or with redundant branches were pruned. A contingency
matrix was produced to provide a relative indication of how well each training set compared to itself. Rules
from each of the edited rule sets were placed into an Interactive Data Language (IDL) land cover
categorization algorithm. The land cover maps were reduced (i.e. young jack pine, regenerated jack pine,
thin jack pine, and thick jack pine jack pine) to a categorization scheme similar to the SERM-FBIU
evaluation data: aspen, black spruce, fen, jack pine, muskeg, open, tamarack, and water.

A VIRIS Processing
The AVIRIS data were transformed to apparent reflectance using a modified MODTRAN

technique developed by Green et al. (1993). Radiance was inverted using water vapor look-up tables to
upwelling measured radiance through non-linear least squares spectral fitting. Best-fit models were
calculated for each individual pixel. Surface reflectance for each pixel was determined through an approach
used by Roberts et al. (1997a). Adjustments to the modeled reflectance were made based on a ground
calibration site in an AVIRIS frame near Prince Albert (940721 run 2, scene 2). The image cube was



reviewedforuncorrectableatmosphericscatteringandabsorptioneffects.Forty-fiveAVIRISbandswere
removedfromtheoriginal224,leaving179tobeusedinthelandcovermappingprocess.

EndmemberspectrawerecollecteddirectlyfromtheAVIRISimagesincenofield-basedspectra
werecollectedattheOJPsite.Temporallyandnear-temporallycoincidentlarge-scalecolorinfrared
airphotosanddescriptionsfromaNaturalResourcesCanada-CanadianForestService(NRC-CFS)
BOREASdocument(HalliwellandApps,1997b)wereusedtolocatecovertypes.Singleand2x2pixel
windowswereusedwithinENVItocollectimagespectrafromtheimagecube.Weattemptedtoacquire
spectrafromthesamelocationsineachofthescenes.

Standsofaspen,tamarack,andfenswereeasilyidentifiedthroughtimeseriesanalysisasthey
developedoverthegrowingseason.Seasonalleaf-off/leaf-onspectralsignatureprovidedadequatespatial
referenceforcollectingaspenandtamarackspectraandbackscatter.Leaf-onaspeninJulyhadthehighest
reflectancevaluesofthevegetationatthesite,followedcloselybysedgeinthefen.Jackpineandblack
sprucespectraweredifficulttoseparate.Thismighthavebeenduetothefactthatimageendmembers
reflectedeitheramixedstandorareaswherespectralinfluencesofthebackgrounddilutedthepurityofthe
pixel.Highnearinfrared(NIR)reflectanceinanapparentlyopenfieldinthesouthernregionprovided
additionalevidencesubstantiatingancillaryinformationthatyoungjackpinehadrecentlybeenplanted.
Muskegwasadifficultspectratoobtainbecausetheamountandqualityofresidentstandsdiffered
spatially.Whitespruceisuncommonatthesiteandwasdifficulttocollectapureendmember.

Onehundredandoneimageendmemberspectrawerecollectedaccordingtothecategorization
schemediscussedabove.Thesespectrawerethenvisuallycomparedtoassessrepresentativespectrafor
eachscene'slandcovertypes.Between71(940419)and76(940916)spectrawereretainedforuseinour
primaryspectralmixtureanalysisprocedure.Upto40%oftheendmemberswereusedtomodeljackpine.

MultipleendmemberspectrawerethencomparedtoanAVIRISsceneusingspectralmixture
analysis2-endmembermethodology(Roberts,etal.,1997b).Mixingmodelcriteriaestablishedrootmean
square(RMS)errorandresidualvaluesexceeding2.5%and7asnon-candidatelandcoverestimates.The
RMSoutputwasthenevaluatedbydeterminingthelowestRMS(ifwithinothergivenconstraints)andthe
optimalmixingmodel.Anoutputimagefromthemixingmodelwasthentranslatedintoalandcovermap
andreviewedagainsttheSERM-FBIUdata.Blacksprucewasundermappeddueitsspectralsimilarityto
jackpine.ThemodelswereoptimizedusinganapproachdescribedbyRobertsetal.,(1997b),designedto
preferentiallyselectspecialist(modelsthatarespecifictoacertainspecies)overgeneralists(modelsthatdo
notdiscriminatewellbetweenspecies).Inthiscase,blacksprucewasgivenahigherpriorityovertheother
imageendmembers.Whitesprucecouldnotbeunmixed,probablyduetopoorspectraselectionoralackof
purestands.Theoptimizedmixingmodeloutputswereremappedtoreflecttheeightlandcovertypes
discussedaboveandcoregisteredwiththeAIRSARlandcovermaps.

Multi-sensor Overlay Rules
The coregistered AIRSAR and AVIRIS maps were compared individually to the SERM-FBIU

data (Figure 1) for content accuracy. We observed discrepancies between our results and the validation
information reflecting minimum mapping unit issues and change over time. Areal photographs provided
strong evidence of mixed stands and small pockets of other species within regions mapped as a single cover
type. An unknown amount of generalization had taken place in the SERM-FBIU data compilation. In

addition, several temporal land cover changes had occurred since the SERM-FBIU map had been compiled.
Approximately 10% of the area previously mapped as open were interpreted from AVIRIS and airphotos to
be in different stages of jack pine regrowth. In addition, logging had subsequently removed stands of jack
pine and aspen in other locations transforming those areas into open. The SERM-FBIU validation data
were updated to reflect large area land cover changes based on our interpretation of available air photos.
Quantifying an overall accuracy for the individual outputs was made difficult by the dynamic nature of
young jack pine spread and open space reduction to the south of the OJP site over the seasonal period of
1994.

Results

Overall accuracies for the six different date/sensor land cover maps ranged from 55.0% (940916
AVIRIS) to 69.8% (940721 AVIRIS). Individual producer's accuracy was used to indicate what
season/sensor combinations best identified the landscape at OJP (Table 1). No individual sensor or season
played a significant role in providing a high accuracy land cover type to the decision rule. AIRSAR and
AVIRIS imagery contributed four land cover types apiece. The 940419 AVIRIS data were the only



component of the time series imagery that did not produce a layer land cover to the multi-sensor data set.

The 940721 AVIRIS scene contributed two classes (fen and jack pine) or a total of 204,697 pixels (54.4%

of the site). Four land cover types (aspen, muskeg, open, and tamarack) were best identified using

September data (940916 AVIRIS and 940920 AIRSAR). The best eight land cover layers from all dates

and sensors correctly characterized 79.3% of the cover types when combined.

Table I. Individual land cover type producer's accuracies

Land cover

Aspen

Black Spruce
Fen

Accuracy
65.1%

73.2%

70.8%

Date

940916

940428

940721

Sensor

AVIRIS

AIRSAR

AVIRIS

Jack Pine 81.1% 940721 AVIRIS

Muskeg 73.2% 940920 AIRSAR

Open 80.1% 940916 AVIRIS
Tamarack 33.5% 940920 AIRSAR

77.5% 940721Water AIRSAR

High NIR reflectance present in the 940721 and 940916 AVIRIS scenes was used to identify

grassy fens and aspen stands. Evidence of aspen modeling healthy fens and tamarack stands occurred.

940721 AVIRIS was also used to detect fresh summer growth in jack pine. AIRSAR L- and P-bands were

sensitive to the wet surfaces common to black spruce stands. In general, black spruce was undermapped

and appeared to be confused with both jack pine stands and muskeg. It is possible that black spruce was

contained within both of the cover types, but not as the dominant cover type. Double-bounce backscatter

was critical in identifying muskeg located in the site. Water bodies and open areas were best modeled by

spectra in the 940721 and 940916 AVIRIS data respectively. We would have expected AIRSAR to be

sensitive to the specular surface component of both classes. Tamarack was not well modeled by either

sensor or overmapped by SERM-FBIU. The double bounce mechanism in the wetlands was used to

identify tamarack. Each cover type, excluding tamarack, is representative of accuracies achieved in other

BOREAS imaging spectrometer research (Zarco-Tejada and Miller, 1999; Sandmeir and Deering, 1999).

A series of overlay procedures used the most accurate data layers from the time series imagery to

produce a multi-sensor land cover map through a series of overlay processes (Figure 2). Commission error

was used to determine overlay order. High commission error was given lowest priority and was the first

layer. A second layer of open and tamarack from 940721 AVIRIS was included due to similar high

accuracies.

An overall accuracy of 71.3% was achieved, only a 1.5% increase over the best single scene -

940721 AVIRIS. Most of the individual cover type producer's accuracies were reduced after being

transformed by the decision rule (Table 2). Black spruce accuracy was reduced by 37.6%. Black spruce was

the first coverage placed by the process we followed, leaving competing coverages such as muskeg and

jack pine to overlay black spruce. The initial accuracy of black spruce and muskeg was reduced when

overlaid by overmapped pixels of jack pine. Aspen, open, tamarack, and water were placed toward the end

of the decision rule process and were not subjected to being superceded. Most of the 14,780 unmodeled

pixels (4% of the image) were open areas.

Table 2. Multi-sensor cover type producer's accuracies per land cover type

Land cover

Aspen

Accuracy
65.0%

Black Spruce 35.6%
Fen 64.6%

Jack Pine 79.7%

Muskeg

Open

53.9%

81.2%

Tamarack 33.0%

Water 77.5%
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Figure 1, SERM-FBIU OJP land cover map (without updated information).

Unmodeled



Onacover-by-coverbasis,ourinitialassumptionsofsensorsensitivitytoaparticularlandcover
typestypicallyheld.Thethreewetconiferdominatelandscapes-blackspruce,muskeg,andtamarack
exhibitedhighdouble-bounce-inducedbackscatterthanthesurroundinglowgrowingfensanddry
subsurfacejackpine.Thedeciduousaspenandtamarackseasonalphenologicalpatternswereevidentin
AVIRISspectra.FenwasbestidentifiedusingAIRSARtodistinguishthepre-growingseasonspecular
characteristicandthenAVIRISforthespectralcomponentasvegetationdeveloped.Waterwasseparated
duetoitsspecularAIRSARsignatureandwasoftenconfirmedbyitslackofNIRspectralresponse.We
wouldhaveexpectedAIRSARtocontributemoreinformationregardingopenareasthanweactually
derivedfromtheAVIRISspectra.

Neithertheoverallnortheimprovedaccuracyapproachedourgoalof80/10.Thisresultisdueto
anill-constructedoverlaywherepixelsrepresentingerrorsofcommissiondecreasedtheoverallaccuracyof
thelandcovermap.Theoverallaccuracyoftheindividuallyderivedmulti-sensorderivedlandcoverdata
inTable1accuratelyrepresented79.2%oftheOJPsite.Theoverlayprocedure,asappliedinthisresearch,
onlyprovidedaslightincreaseof1.5%inoverallaccuracyoverthebestsinglesensorscene,while
reducingtheaccuracyofthecombinedinputdataby7%.

An80/10increaseoverthebestsinglesourcemapcouldbeachievedif correctlyevaluatedpixels
weremaskedoutpriortoadecisionrulebeingconstructed.Theamountofunmodeledopenpixelscouldbe
reducedwithsupplementaryspectrabeingcollectedinbrightersoilareas.Inaddition,incorrectly
categorizedpixelswouldthenbeevaluatedusinganenhanceddecisionruleapproachevaluatingancillary
imagesofnon-photosyntheticvegetation(npv),greenvegetation,orliquidwaterestimatesderivedfrom
AVIRIS.Theseruleswouldpossiblybettersegmenttheremainingincorrectlycategorizedpixels,while
retainingalreadycorrectlyidentifieddata.AdditionalinvestigationswillbemadeintocombiningAIRSAR
andAVIRISimagesetsintohyper-cubesforsubsequentn-dimensionaldatavisualizationendmember
collectionprocedures.
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